In August 2002, in the worst flooding in more than 100 years, the River Elbe destroyed built-up areas and caused widespread erosion and the relocation of soils and river sediments. To assess the pollutants entering the water, surveys of dissolved constituents and suspended particulate matter (SPM) were carried out daily during the flood at a monitoring station near Magdeburg. The sampling point is part of the network of the International Commission for the Protection of the Elbe (ICPE). The results were compared with those of previous flood studies which used the same sampling strategy. Unlike past floods, the 2002 flood was characterised by the transport of relatively fine suspended material with a low mass concentration. Owing to different input sources, the maxima of dry weight and of particle number concentration occurred at different times. Hg, Fe, Mn, Zn, Cu, Ni and Cr showed a maximum concentration concurrent with the dry weight of the SPM, whereas the maximum concentrations of As, Pb, and Cd coincided with the particle number concentration peak. The concentration of particulate matter decreased rapidly, unlike the concentrations of dissolved substances such as DOC and trace metals, as well as the values of UV extinction, all of which remained high for a longer period. Comparing the results of the 2002 flood with the winter floods in 1995, 1999 and 2000, revealed increased values of As and Pb as well as higher concentrations of dissolved compounds.
Introduction
The transport of particulate and dissolved matter during a flood in large river basins depends on the spatial and temporal variability of rainfall in the catchment area. Furthermore, the hydraulic properties and the state of pollution in the river basin are of prime importance.
In August 2002, severe precipitation for a number of days within a developing Vb weather pattern (Schanze, 2002; Roth, 1996) over much of the upper catchment of the River Elbe caused the Czech Republic and Germany to suffer the worst flooding in the Elbe for more than 100 years. Such a rare event of air masses being diverted further south from their usual westeast direction was classified by the Dutch meteorologist W.J. van Bebber (18411905) as a Vb (5b) weather situation. The air masses, warmed over the Mediterranean, become heavily loaded with moisture, so that if they cross the Alps from south to north and hit colder air masses, extremely heavy rainfall can result within a short period of time. In the August 2002 case, nearly all the reservoirs in the upper Elbe catchment were filled quickly and spilled over so that the water in the river exceeded record levels dating back to 1845 (Simon, 2002) .
The resulting flooding and destruction in built-up areas caused widespread erosion and relocation of soils and river sediments. As well as disaster management to protect the lives and property of those at risk, the impairment of water quality by the pollutants transported by the flood water had to be addressed. Notwithstanding the recent regeneration of the Elbe ecosystem (Guhr et al., , 1998 (Guhr et al., , 2000 Lehmann and Rode, 2001) , it was feared that deterioration of the water quality would have a negative impact on the ecosystem in the long term.
Numerous special regional measurement programmes were launched by public authorities and research centres to assess the pollution (Nies et al., 2003a; Reincke, 2003; Heininger et al., 2003 ) . The findings were generally evaluated by comparison with the mean concentrations in previous years under normal flow conditions, rather than those from previous flooding, perhaps because of the difficulties of comparing floods owing to their different hydrological development. This raises the question of the most suitable measuring and assessment strategy. In the area of the middle Elbe in particular, hysteresis effects play a major part in the transport of suspended matter ; following a flood, a state of equilibrium in sediment deposits will not be reached until two or three months later (Truckenbrodt and Einax, 1995) . Therefore, when sampling sediment, care must be taken in assessing the representativity of the time of sampling.
Using the sampling strategy applied to previous flood investigations Baborowski, 2002) , surveys of dissolved constituents and particulate matter were made at the Magdeburg monitoring station in August 2002. To assess the differences in pollutants entering the water phase during the 2002 summer flood, the results were compared with those from past floods in winter 1995, 1999 and 2000. Study site CATCHMENT 
AREA
The River Elbe basin ( Fig. 1 ) covers 148 268 km², including 50 176 km² in the Czech Republic (63.6% of the Czech Republic) and 96 932 km 2 in Germany (27.2% of Germany). Less than 1% of the total catchment area is in Austria (920 km²) and Poland (240 km²) combined. The River Elbe is around 1100 km long, with approximately 372 km flowing through the Czech Republic and 728 km through Germany. The Elbe rises in the Sudeten Mountains (also known as the Giant Mountains, Czech Republic), 1384 m a.s.l. The river flows into the North Sea at Cuxhaven, near Hamburg (Germany). The main tributaries are the Vltava and Berounka in the Czech Republic, and the Schwarze Elster, Mulde, Saale and Havel in Germany.
HYDROLOGY
Mean annual discharge rates of the Elbe are 313.8 m³ s 1 (9.9 × 10 9 m³ a 1 ) at the CzechGerman border profile and 877.3 m³ s 1 (27.7 × 10 9 m³ a 1 ) at the estuary flowing into the North Sea (Simon, 1995) . Large areas of the catchment lie in low mountain ranges, so that the discharge reflects mainly the precipitation there. Also, the Sudeten Mountains and the Bohemian Forest influence the discharge rate in the Czech part of the Elbe, the Erzgebirge mountains affect the Mulde, whereas the Thuringian Forest and the Harz mountains primarily affect the Saale. The lowlands of the Elbe are characterised by broad floodplains where changes in river levels affect the groundwater levels in the valleys. The Elbe is fed by rain and snow, its discharge behaviour usually being determined by winter and spring floods. From 1800 to 1994, 81% of the flood events occurred in the spring. At the Barby gauge upstream of the city of Magdeburg, 86% of all flooding between 1895 and 1994 took place between December and April (Simon, 1995) .
MORPHOLOGY
The discharge in the Czech part of the Elbe is regulated by lock-and-weir systems and reservoirs. A canalised stretch 170 km in length contains 21 weirs with navigation locks (Simon, 1995) . Downstream of the final Czech barrage, 600 km of the total length of the river is free of dams and, although approximately 485 km of this stretch is influenced by around 6900 groynes (Fig. 2) , it ends with a barrage weir with a lock at Geesthacht (river km 586), upstream of Hamburg. The rest of the Elbes course between Geesthacht and the estuary where it flows into the North Sea (approximately river km 728) is subject to tidal influences. The Elbe region is characterised by a soil mosaic structure with alternating types. Alluvial deposits which form fluvisols are located along the river. The river flat is bordered by terraces of sands and sandy gravels, which constitute the substrate forming the brown arenic soil. Most of the mountain soils are extremely acidic with a pH of 3.54.5 and high levels of humate and fulvic acids (Borovec, 2000) . At the point where the Elbe enters the central and north German lowlands, its bed is loose and prone to erosion, with common grain sizes ranging between 0.52.0 mm. Following the regulating measures on the Elbe, especially the artificial bank protection by groynes, bank coverings, guide banks and flood protection dams, inputs of energy can act only vertically in the direction of the riverbed. This encourages deep erosion, particularly of the bed (Simon, 1995) . In contrast, fine sediments accumulate in backwaters such as groyne fields, where they may be remobilised by shipping at low water or by flushing at high water . Shipping and high water make a distinct contribution to the downstream transport of suspended matter.
The catchment areas of the Mulde and the Saale also contain lock-and-weir systems and reservoirs which are important for not only the discharge rate but also the transport of suspended matter.
POLLUTION STATUS
The Elbe catchment is used intensively by industry and agriculture. Prior to German reunification, East German industrial activities combined with inadequate or nonexistent wastewater treatment resulted in the river and its sediments becoming highly polluted (Meissner et al., 1994; Brügmann, 1995; Reincke, 1995; Müller and Furrer, 1995; Guhr, 1995; Gerlach and Gimbel, 1996; Heininger and Pelzer, 1998; Friese et al., 2000) . Discharges from pulp and pharmaceuticals industries as well as of municipal sewage were characteristic of the upper Elbe valley. The central section, partly contaminated by agricultural usage and municipal sewage, was severely polluted by wastewater from the mining and chemical industries based alongside the Mulde (Kluge et al., 1995) and Saale (Einax et al., 1999) tributaries. Their input increased the levels of pollutants such as degradable and persistent organic compounds, salt, heavy metals and organic micropollutants, as well as ammonium and phosphorus. Following German reunification in 1990, the water quality improved in direct response to the closure of many industrial plants, the construction of wastewater treatment plants and the reduction in livestock farming (Guhr et al., , 1998 (Guhr et al., , 2000 Lehmann and Rode, 2001; Spott, 1995) .
The reduction in wastewater and sewage discharges also resulted in a distinct reduction in trace pollutants; cutting them further requires eliminating any point sources still existing and, above all, limiting pollution from diffuse sources (Guhr, 2001) . Outputs of particulate bound trace substances from lock-and-weir systems and groyne fields during the course of extreme situations are important in this respect . Similarly, exchange processes at the sedimentwater interface influence, significantly, the transport of trace contaminants in the river. A flux of heavy metals from sediment pore water into the water phase under oxic conditions resulted from the mineralisation of organic matter (Petersen et al., 1995) . The re-suspension of river sediments at times of increased riverbed shear stress, during flooding or dredging/relocation, can also cause the oxidation-related release of trace substances from pore water into the water phase (Patrick and Verloo, 1998) .
SAMPLING SITE
The sampling site, part of the International Commission for the Protection of the Elbe (ICPE) monitoring programme, is situated near the city of Magdeburg on the left bank at river km 318 (Fig. 1) . The water quality of this section hinges on the quality of the upper stretches of the Elbe (input from the Czech Republic and the Dresden industrial region) and on the confluence of the polluted tributaries Mulde and Saale. Under normal discharge conditions, the sampling station therefore represents the pollution situation of the middle Elbe. Table 1 contains a survey of the discharge conditions at, and upstream of, the monitoring station. The confluences of the Mulde and the Saale are 59 km and 27 km respectively upstream of the sampling site on the left bank. Another tributary flowing into the right bank of the Elbe 119.5 km upstream is the Schwarze Elster. However, due to its position and its low discharge, it is only of minor importance for the water quality at the monitoring station. Upstream and downstream of the monitoring station, the Elbe is regulated on both sides by groyne fields. On the right bank of the Elbe, 17.2 km upstream is Pretzien Weir, located in the 27 km long flood channel (www.pretziener-wehr.de); its main functions are: l raising the water level for shipping on the Elbe at low water; l protecting the by-pass channel from flooding at mean water; l diverting the high-water peak from the Elbe during high water.
Between its completion in 1875 and the August flooding in 2002, Pretzien Weir was opened 50 times in winter and 8 times in summer. During a high water event, all the flats upstream of the weir are flooded, resulting in some 68 × 10 6 m³ of water being retained. When the water level rises above a certain limit at Barby gauge, the weir is opened, enabling about 35% of the total volume of water to be discharged (maximum high-water flow: 1800 m³ s 1 ). During the August 2002 flood (Fig. 3 ) the discharge rate was about 1000 m 3 s 1 (Simon, 2002) .
Methodology

SURVEY STRATEGY
The first significant event during the course of a flood wave in the area of the middle Elbe is the submersion of the groyne heads of the groyne fields. During this process, erosion causes all the non-consolidated sediment which was deposited before the flood to be re-suspended and enter the flood wave. As a result, for a brief time, the water phase of the main flow contains considerably higher concentrations of suspended matter and pollutants. These concentration maxima occur some days before the maximum discharge ( Fig. 4) and provide a measure of the easily erodable substances deposited in the groyne fields near the monitoring station before the flood. All other elevated substance concentrations measurable in the flood wave reflect inputs upstream of the monitoring station as well as inputs from tributaries.
Hence, the measuring strategy requires knowledge of the discharge threshold at which the groyne heads are submerged. In the area of Magdeburg monitoring station, the discharge threshold is about 800 m³ s 1 . As high water occurs, whenever the threshold is exceeded, samples are taken every day for at least two weeks. Afterwards weekly samples are taken as investigations continue.
ANALYTICAL METHODS
The SPM content was measured in accordance with German Industrial Standards (DIN 38409 part H2). Dry weight (dried for two hours at 105°C) and loss on ignition (ignited for four hours at 500°C) were determined from 500 ml sample water filtered onto Whatman GF/F glass fibre filter (vacuum filtration method, 200 mbar). A portable optical instrument (Aucoteam, Germany) (Baborowski, 1999 (Baborowski, , 2002 enabled the particle size distribution to be determined within the SPM directly after sampling. The instrument works on the basis of single particle evaluation (visual light, spherical equivalent diameter). Although the measuring range quoted by the manufacturer is 2200 µm, serial measurements in the water resulted in the instrument providing reproducible results for a particle size of 1.8 µm.
To analyse DOC and UV, samples were filtered using 0.45 µm PVDF Millipore syringe filters. DOC was measured using a carbon analyser (Dimatec, Germany) by the direct injection of 250 µl filtered water. UV (Dr. Lange, Germany) is calculated as extinction at 254 nm.
Element analysis was conducted using the following techniques:
l optical emission spectrometry with inductive coupled plasma (ICP/OES) for Fe, Mn and Zn; l atomic absorption spectrometry (AAS) for Hg (cold vapour technique); l mass spectrometry with inductive coupled plasma (ICP-MS) for As, Cd, Cr, Pb, Cu and Ni.
Filtered and unfiltered acidified samples were used for the analysis.
The dissolved elements were separated from the SPM immediately after sampling (syringe filters, Minisart, nonpyrogenic, 0.45 µm). The filtrate was stabilised with HNO 3 . Unfiltered samples were measured after microwave digestion with HNO 3 /H 2 O 2 .
Hereafter, element concentrations in unfiltered samples are referred to as totals, while element contents from filtered samples are referred to as dissolved. Particulate concentrations are calculated from the difference between total and dissolved. River Elbe samples are characterised by a siliceous and organically based matrix. One of the aims of using HNO 3 /H 2 O 2 digestion was to detect the influence of changes in the composition of the matrix on trace element transport in the Elbe after German reunification.
ASSESSMENT
Owing to their usually different hydrological background in the various sections of a catchment area, floods can only partly be compared and analysed statistically. Moreover, during a flood wave, different processes take place at different scales, sometimes in parallel and sometimes one after the other. The usual methods of multivariate data analysis may lead to misinterpretation if qualitatively different processes are treated equally in the same set of data, e.g.:
l increased concentrations owing to the re-suspension of groyne field suspended matter due to erosion as the water level starts to rise; l dilution as the water level rises whenever erodable substances are no longer available; l renewed increases in concentration owing to the To compare and assess measurements from current and past floods, only the maxima attained by each substance during the measuring campaign have been compared. Displayed in network graphs, they produce a fingerprint indicating common characteristics and differences between individual parameters as well as different types of flooding. This type of assessment is justified if sampling is started promptly once the threshold of about 800 m³ s -1 is exceeded. Furthermore, only data from floods with a flooded by-pass channel were used in the analysis, ensuring that at least the flood conditions upstream of the monitoring station were similar.
Results
AUGUST 2002 FLOOD
Measurements of suspended particulate matter were maximal a few days before the flood crest. Contrary to the results of previous investigations, the maximum values for dry substance and particle number concentration did not coincide (Fig. 5) . The maximum of the SPM values was measured on the third day of sampling, one day before the maximum of the particle number concentration occurred. Dry substance was more closely related to the coarse particles of SPM (Fig. 6) . Mostly relatively fine material was transported during the flood (Fig. 7) . However, values of both particle number and mass concentrations decreased The heavy metals also behaved differently. Particulate bound Fe, Mn, Zn, Cu, Ni, as well as total Cr and total Hg reached their peaks simultaneously with the maximum of dry substance (Fig. 8) , while the maximum concentrations of particulate As and Pb as well as total Cd coincided with the particle number concentration peak (Fig. 9) .
Dissolved trace metals as well as DOC and UV values increased with discharge. However, unlike the particulate matter, their concentrations remained elevated for longer (Figs. 8, 9 and 10). Table 2 overviews the variation of trace metals during the summer flood.
COMPARISON WITH PREVIOUS FLOOD INVESTIGATIONS
Flooding occurred in 1995, 1999 and 2000, necessitating the opening of Pretzien Weir. Discharge rates and the sampling carried out in line with the measuring strategy are surveyed in Fig. 11 . The maxima of the trace elements studied during flooding can be grouped as follows:
l significantly increased concentrations in 2002; fingerprint similar to discharge: levels of particulate As, dissolved As, total Pb, dissolved Fe, dissolved Cu (Fig.  12) ; l not significantly increased in 2002; fingerprint comparable with the SPM dry substance: levels of total Hg, particulate Fe, particulate Cu, particulate Zn, dissolved Zn, total Cd (Fig. 13) ; l not significantly increased in 2002; fingerprint comparable with the total particle number concentration: particulate Mn, dissolved Mn (Fig. 13 ).
The concentrations of Ni (dissolved and total content) and Cr (total content) were not significantly increased in 2002 either but were not correlated with discharge, dry substance or particle number concentration. The results are also reflected by time-resolved measuring series (Figs. 14 and 15). For comparability of the seasonally different events, the point at which the discharge threshold was exceeded is shown as the reference point for the start of sampling. 
Discussion
AUGUST 2002 FLOOD AT MAGDEBURG MONITORING STATION
The different course of the concentrations of dry substance and particles as discharge increases (Fig. 5) allows the data to be interpreted regarding the origin of the SPM. The level of re-suspended particulate matter from the groyne fields in August 2002 after the discharge threshold had been exceeded (> 800 m³ s 1 ) is low compared with the previous flood events studied (Fig. 15) . This can probably be attributed to the relatively high discharges at the beginning of 2002 (Fig. 11) , which led to the repeated flushing of erodable groyne field sediments. Cyclically decreasing SPM concentrations in the case of Elbe flood waves following each other in quick succession have been described in detail . However, the concentrations of particle numbers (95 × 10 6 l 1 ) and of dry substance (48.4 mg l 1 ) at the start of the measuring campaign are characteristic of low-water situations in the Elbe in the summer near Magdeburg (Baborowski, 2002) . Such situations are also typical of the high concentrations of particulate manganese at the start of the investigation. (Table 2 ).
The brief drop in particle number concentration (by 28% to 69 × 10 6 l 1 ) and dry substance (by 29% to 34.4 mg l 1 ) on the following sampling day can be attributed to the decline in the proportion of phytoplankton within the SPM. The dynamics of phytoplankton in the Elbe are characterised by succession in the summer months (Karrasch et al., 2001a) and abrupt depression and flushing when the water level starts to rise in connection with a flood wave. This process, which leads to distinctly declining oxygen concentrations as a result of reduced photosynthesis activity, has been described in detail for the summer flooding of the Elbe in 1996 and 1997 (Spott, 1998) .
When interpreting inputs during the further course of the flood wave, the following events are relevant:
i. the maximum concentration of the dry weight of SPM was reached on 15.08.02 ii. the maximum particle number concentration was reached on 16.08.02 iii. the renewed increase in dry weight and particle number concentration on 19.08.02 at the time of the flood crest in Magdeburg (i) At the Dresden river gauge (river km 55.3), an initial flood crest on 11.08.02 (561 cm) was followed by a second, higher one on 13.08.02 (716 cm) caused by more heavy rainfall in the Erzgebirge mountains where the soil was saturated already. The maximum water level at the Dresden river gauge was reached on 17.08.02 (940 cm), when the wave with the water from the Czech tributaries passed the city (Reincke, 2003) . In response to the decreasing gradient, increasing retention by a broadening profile and a number of dyke breaches along the river, the three crests recorded at Dresden merged into a single crest with a rising phase of varying steepness (Landesamt für Umweltschutz SachsenAnhalt, 2003). The flood-wave crest moved between Schöna (CzechGerman border profile) and Torgau (upstream of Magdeburg, river km 154.2) at a speed of 1.41.5 m s 1 and from Torgau to Wittenberge (downstream of Magdeburg, river km 454.5) at a speed of 1.11.3 m s 1 (Reincke, 2003) . Extrapolating the mean flow speeds to the stretch between Dresden and Magdeburg (total length 262.7 km) results in a delay of about 2 days and 9 hours before the flood crest recorded at Dresden reached the monitoring station at Magdeburg.
The maximum dry residue at the Magdeburg monitoring station was measured on 15.08.02, two days after the second flood crest was recorded at Dresden. A second increase in dry substance and particle number concentration (less pronounced owing to dilution) occurred on 19.08.02, again two days after the highest level had been recorded at Dresden. The SPM and particulate trace metal concentrations measured on these days reflect the inputs caused by erosion in the upper course of the Elbe in connection with the flood waves. Consequently, concentrations of particulate Cr, Fe, Cu, Mn, Ni, Hg and Zn relevant to the water quality at Magdeburg were input from the upper course of the Elbe.
(ii) Why did the dry substance and particle concentration maxima occur at different times? Given the spatial distribution of rainfall in the Elbe catchment area, of the main German tributaries only the Mulde was involved in the flooding. The flood crest of the Mulde entered the Elbe (river km 259) on 15.08.03. On this day, the maximum SPM concentration at Magdeburg monitoring station 59 km downstream of the confluence was measured. On 15.08.03, Pretzien Weir (Elbe km 300.8) was also opened, lowering the water level at Magdeburg by about 0.4 m. Therefore, the crest of the Mulde flood wave further upstream discharges more easily into the Elbe, resulting in a smaller flood wave travelling ahead of the main Elbe wave. For the Magdeburg monitoring station, this means that the pollutants related to the Mulde flood show up separately from those originating from the upper course of the Elbe. They are characterised by the maximum particle number concentration and maximum concentrations of particulate As and Pb as well as total Cd. During the flood, the Mulde reservoir (containing about 118 × 10 6 m³ water) 50 km upstream of where the Mulde enters the Elbe and the adjacent Goitsche mining lake act as sediment and pollutant sinks, the importance of which has been demonstrated in long-term studies (Zerling et al., 2001) . During the August 2002 flood, the input from the Mulde deposited five times more sediment on the reservoir bed than in previous floods since 1975 (Junge et al., 2003) . Lake Goitsche, created following the cessation of lignite-mining, was flooded spontaneously with water from the Mulde when the dyke was breached, causing the volume of lake water to increase suddenly by about 90 × 10 6 m³ to 260 × 10 6 m³.
Indeed, deposits of sediment up to 5 m thick accumulated in some parts of the basin (Schultze et al., 2003) . As larger particles settle more quickly, the flooding of Lake Goitsche and the Mulde reservoir caused a shift within the particle size distribution of SPM during the downstream transport of pollutants along the Mulde. Results derived from previous measurements in the water phase of the Elbe and its tributaries show that fine particles < 20 µm account for over 90% of the total particle number. By contrast, their proportion of mass and volume of the SPM is small. Consequently, for the mass of SPM, particles >20 µm are of prime importance (Baborowski, 2002) . Owing to the storage capacities in its lower course, measurably higher concentrations of fine particles and comparatively lower SPM mass concentrations were transported into the Elbe by the Mulde flood wave compared to the waves which formed in the upper Elbe near Dresden. The shift towards fine rather than coarse particles during the transport of pollutants in dammed rivers has also been demonstrated for the Saale, a tributary of the Elbe, the lower course of which is dammed (Karrasch et al., 2001b) . (iii) At the time of the flood wave crest in Magdeburg on 19.08.03, the discharge of the Mulde and, hence, its influence on the particle concentration of the SPM had already diminished. As a result, the particle number concentrations and the dry substance increased simultaneously when the flood crest passed through Magdeburg.
The sedigraph peak of the particulate bound metals travelled in front of the hydrograph peak. The dissolved elements generally reached their maximum after the particulate substances and, in contrast to the rapidly dwindling particulate concentrations, their concentration remained high for some time. The high UV and DOC concentrations (Fig. 10) constantly increasing with the flood wave as well as the high colloid concentrations (Baborowski et al., 2003) evidently had a stabilising effect on the transport of dissolved heavy metals. The DOC content in a river depends on discharge and the proportions of geogenic and anthropogenic inputs. Investigations of the origin and fate of organic matter in the Elbe (Gerlach and Gimbel, 1996) showed that a significant part of the inputs from point sources, fixed in sediments during lower discharge rates, is remobilised by higher discharge rates and can then be interpreted as diffuse entries. Investigations of UV absorption, adsorbability and degradability (Gerlach and Gimbel, 1996) show that a considerable share of the DOC of the Elbe can be attributed to resistant humic substances. Since, after German reunification, the proportion of humic substances discharged by sewage plants declined significantly, the UV and DOC inputs during the flood wave can be explained by being flushed out of the peat lands and soils of the mountains. Hence, in August 2002, after declining considerably since German reunification (1995 97: 0.110.16) , the UV values reached 0.180.34, the same range as that which prevailed before reunification (1985 ( 89: 0.260.45, Guhr et al., 2000 . The DOC concentration of 6.110.8 mg l 1 was also clearly above the values of 1992 94 (56 mg l 1 ; Ludwig et al., 1997) .
COMPARISON WITH PREVIOUS FLOOD INVESTIGATIONS
Compared with previous Elbe floods, the particulate concentrations of As and Pb and dissolved Cu concentrations from the Mulde were significantly higher. Eroded and illuviated pollutants in the upper course of the Elbe (Fe, Mn, Zn, Cu, Ni, Cr and Hg) were diluted and transported to the foreshores and floodplains because of the flooding and dyke breaches downstream of the monitoring station. The ore and companion elements As, Pb and Cu are typical pollutants in the Mulde catchment area. They result from former mining activities as well as from the ore dressing and metallurgical industries (Kluge et al., 1995) . The flood resulted in water entering drainage galleries in disused mines and in highly contaminated areas being flooded. Consequently, considerable amounts of contaminated water, sludge and dumped material entered the river.
However, although the concentrations of As, Pb and Cu were distinctly higher than in previous years, the pollutant loads transported during the flood in August 2002 did not affect the water quality in the German Bight (Nies et al., 2003b) .
In July 1997, disastrous flooding also occurred on the River Odra owing to heavy rainfall during a Vb weather pattern, the states affected being the Czech Republic, Poland and Germany. Although the catchment area of the Odra, 118 861 km², is somewhat smaller than that of the Elbe, the long-term mean discharge rate (Hohensaaten river gauge) of 523 m³ s 1 (Meyer, 2002) is comparable with the discharge of the Elbe at Magdeburg.
The lower course of the Odra also contains groyne fields, polders and floodplains which are important in the transport of sediment in extreme hydrological situations (Engelhardt et al., 1999) . During investigations in the lower part of the Odra in July 1997, the highest concentrations of particulate matter were found at the beginning of the flood wave (Lehmann et al., 1999) ; this result is consistent with the outcome of the present study. Whereas the concentrations of dissolved elements and specific suspended matter at the two monitoring stations were the same prior to the flood in the Elbe and the Odra, much higher concentrations of As, Pb, Cd (from the Mulde) as well as of Cr and Ni (from the upper course of the Elbe) were transported in the Elbe in August 2002. In the Odra, the concentrations of Cu and Zn increased significantly compared to the Elbe perhaps because of coal-mining in the Odra catchment.
Conclusions
The study and assessment of flooding requires the development and application of measuring strategies which take into account the peculiarities of each catchment area. The method presented here enables different flood events in the middle Elbe to be compared on a sound scientific basis. Simultaneously measuring the concentration (dry weight) and particle size of the SPM as well as of dissolved and particulate trace metals facilitates a better understanding of the internal structure of the flood wave, analysis of which reveals the main input pathways of pollutants during flooding.
During the flooding in August 2002, the different types of water from different parts of the catchment area could be distinguished at the monitoring station in Magdeburg. The results revealed the persistent high potential trace metal pollution of the Elbe. Pollution peaks for many environmentally relevant trace metals from the upper course of the Elbe, especially Hg, were smaller than in previous years as they were diluted during the course of the flood wave. Nevertheless, significantly higher concentrations of As, Pb and Cu were measured. These elements originate in former mining areas in the catchment of the Mulde which represent a source of potentially serious contamination.
Since 1970, over 35 major mining accidents (published by UN) with serious consequences for the receiving water have been reported (Macklin et al., 2003) . For example, tailing dam failures in January and March 2000 in Maramures county, north-west Romania, resulted in cyanides and large amounts of water and sediment contaminated with Pb, Zn, Cu and Cd entering the tributaries of the River Tisa, a major tributary of the Danube (Macklin et al., 2003 , Soldan et al., 2001 .
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